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Charge density-wave order has been observed in cuprate superconductors whose crystal structure
breaks the square symmetry of the CuO2 planes, such as orthorhombic YBa2Cu3Oy (YBCO), but
not so far in cuprates that preserve that symmetry, such as tetragonal HgBa2CuO4+δ (Hg1201).
We have measured the Hall (RH), Seebeck (S), and Nernst (ν) coefficients of underdoped Hg1201
in magnetic fields large enough to suppress superconductivity. The high-field RH(T ) and S(T ) are
found to drop with decreasing temperature and become negative, as also observed in YBCO at
comparable doping. In YBCO, the negative RH and S are signatures of a small electron pocket
caused by Fermi-surface reconstruction, attributed to charge density-wave modulations observed in
the same range of doping and temperature. We deduce that a similar Fermi-surface reconstruction
takes place in Hg1201, evidence that density-wave order exists in this material. A striking similarity
is also found in the normal-state Nernst coefficient ν(T ), further supporting this interpretation.
Given the model nature of Hg1201, Fermi-surface reconstruction appears to be common to all hole-
doped cuprates, suggesting that density-wave order is a fundamental property of these materials.
There is a growing body of evidence that compet-
ing ordered states shape the phase diagram of cuprates
and the identification of those states is currently a
central challenge of high-temperature superconductiv-
ity. In the La2CuO4-based cuprates, whose maximal
Tc does not exceed 40 K, the existence of unidirec-
tional density-wave order involving spin and charge mod-
ulations, known as stripe order [1, 2], is well estab-
lished, as in La1.6−xNd0.4SrxCuO4 (Nd-LSCO) [3] and
La1.8−xEu0.2SrxCuO4 (Eu-LSCO) [4] for instance. This
stripe order causes a reconstruction of the Fermi sur-
face [5–8], and may be responsible for the low Tc. The
observation of a small electron pocket in the Fermi sur-
face of underdoped YBCO [9, 10], a material with a high
maximal Tc of 93 K, showed that its Fermi surface also
undergoes a reconstruction at low temperature [11, 12].
Comparative measurements of the Seebeck coefficient in
YBCO and Eu-LSCO revealed a detailed similarity [7, 8],
suggesting that Fermi-surface reconstruction (FSR) in
YBCO is caused by some form of stripe order.
Charge density-wave modulations were recently de-
tected in YBCO, via high-field nuclear magnetic reso-
nance (NMR) [13] and X-ray scattering [14–17] measure-
ments, in the range of temperature and doping where
FSR occurs [8, 18]. Although the detailed structure of
these modulations remains to be clarified, there is little
doubt that they are responsible for the FSR in YBCO.
The fundamental question, then, is whether such
charge modulations are a generic property of cuprates.
Because both the low-temperature tetragonal (LTT)
structure of Eu-LSCO and the orthorhombic structure
of YBCO distort the square CuO2 planes and impose a
preferred direction, charge modulations are perhaps trig-
gered or stabilized by these particular forms of unidi-
rectional distortion. To answer that question we need
to examine a cuprate material with square, undistorted
CuO2 planes. The model material for this is Hg1201,
a tetragonal cuprate with the highest maximal Tc of all
single-layer cuprates (97 K) [19, 20], in which no charge
or spin modulations have yet been reported. In this Let-
ter, we present measurements of the Hall, Seebeck, and
Nernst coefficients in underdoped Hg1201 which reveal a
FSR very similar to that seen in YBCO, demonstrating
that some form of density-wave modulation is present in
Hg1201. This is strong evidence that charge density-wave
modulations, as seen in YBCO, are a universal and fun-
damental property of underdoped cuprates. They com-
pete with superconductivity and might also play a role
in both the pairing mechanism and the anomalous scat-
tering in these high-Tc superconductors [21].
Methods. – Two nominally identical high-purity single
crystals of underdoped Hg1201 were measured (samples
A and B), with Tc ' 65 K, prepared as described in
refs. 19 and 20. According to the Tc(p) relationship for
Hg1201 established in ref. 22, our samples have a dop-
ing p ' 0.075. We measured the Hall (RH ≡ ρxy/H),
Seebeck (S ≡ −Vx/∆T ), and Nernst (ν ≡ N/H ∝
(Vy/∆T )/H) coefficients, where ρxy is the transverse re-
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FIG. 1. a) Hall coefficient RH of Hg1201 as a function of
magnetic field H, in sample A at various temperatures, as
indicated. Also shown is an isotherm at T = 4.2 K measured
on sample B (black curve, labelled B). b) Normal-state Hall
coefficient RH as a function of temperature, at H = 53 T
(sample A; closed red circles, left axis) and H = 68 T (sample
B; open red circles, left axis). Corresponding data are shown
for YBCO at p = 0.10 and H = 55 T (blue circles, left axis;
from [10]). Note how in both materials RH(T ) drops at low
temperature to become negative, a signature of Fermi-surface
reconstruction [12]. We reproduce the splitting of NMR lines
in YBCO at p = 0.10 and H = 28.5 T, which reveals the
onset of charge order below TCO ' 50 K (green squares, right
axis; from [13]).
sistivity, and Vx (Vy) is the longitudinal (transverse) volt-
age in the presence of a longitudinal temperature differ-
ence ∆T . For all measurements the magnetic field H
was applied perpendicular to the CuO2 planes and the
current (charge or heat) was within the plane. Hall mea-
surements were performed in pulsed magnetic fields at
the LNCMI in Toulouse up to H = 68 T, as described in
ref. 10. The Seebeck coefficient was measured on sample
A, as described in ref. 8, up to 28 T at the LNCMI in
Grenoble and up to 45 T at the NHMFL in Tallahas-
see. The Nernst coefficient was measured on sample A at
0 25 50 75 100 125
-0.4
-0.2
0.0
0.2
0.4
0.6
0 10 20 30 40 50
-0.4
-0.2
0.0
0.2
0.4
Hg1201
 86 K      15 K
 64 K      10 K
 47 K      7 K
 21 K      5 K
S
 / 
T 
( µ
V
 / 
K
2  )
 
H ( T )
a
b
YBCO
Hg1201
T ( K )
 
S
 / 
T 
( µ
V
 / 
K
2  )
FIG. 2. a) Seebeck coefficient S of Hg1201 plotted as S/T
vsH, in sample A at various temperatures, as indicated. b)
Normal-state Seebeck coefficient S/T of Hg1201 as a function
of temperature, at H = 28 T (red circles) and H = 45 T
(red triangles). Corresponding data are shown for YBCO at
p = 0.10 in H = 0 (blue circles) and 28 T (blue triangles),
from [8]).
Sherbrooke in a field of H = 10 T, as described in ref. 23.
Negative Hall and Seebeck coefficients. – In Fig. 1a,
the Hall coefficient RH is plotted as a function of mag-
netic field H up to 68 T, for different temperatures down
to T = 4.2 K. All isotherms of sample A (B) saturate at
high fields, beyond H = 53 T (68 T), except (including)
at T = 4.2 K. In Fig. 1b, the high-field value of RH is
plotted versus temperature. In Fig. 2a and 2b, we show
the corresponding Seebeck data as a function of mag-
netic field and temperature, respectively. As expected
for a hole-doped material, both RH and S are positive
at high temperature. However, with decreasing temper-
ature they both start to fall below about T ' 50 K to
eventually become negative below T0 = 10± 1 K. This is
our central finding: the low-temperature normal-state of
Hg1201 has negative Hall and Seebeck coefficients.
In Fig. 1b and 2b, comparison with corresponding data
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FIG. 3. a) Temperature-doping phase diagram of YBCO,
showing the zero-field superconducting phase below Tc (grey
dome, from [24]) and the onset of q = 0 magnetic order be-
low Tmag detected by spin-polarized neutron scattering (down
triangles, from [25]). Several characteristic temperatures of
the transport properties are displayed: the thick green and
grey lines schematically represent the pseudogap tempera-
ture T ?, from resistivity and Nernst data [23], and TH, from
RH(T ) [18], respectively. Tmax (full circles) and T0 (empty cir-
cles) are determined from RH(T ) [18] (see text). We also show
the onset of charge order at TCO via NMR (full diamonds,
from [13]) and the approximate onset of charge modulations
via X-ray scattering (open diamonds, from [14–16]). b) Corre-
sponding phase diagram for Hg1201, showing Tc (grey dome,
from [22]), Tmag (down triangles, from [26, 27]) and T
? from
resistivity (full squares, from [20, 26, 27]; open squares, from
this work). The characteristic temperatures Tmax (full circles)
and T0 (empty circles) of RH(T ) are also shown. All dashed
lines in both panels are a guide to the eye.
in underdoped YBCO, with Tc ' 57 K (p = 0.1) [8, 10],
reveals a striking similarity between the two cuprates.
In YBCO, there is compelling evidence that the negative
RH and S at low temperature come from a small electron
Fermi surface. This evidence includes quantum oscilla-
tions [9, 28] with a frequency F and mass m? which, at
this doping, account precisely for the normal-state See-
beck coefficient S at T → 0, whereby S/T ∝ m?/F ,
given that S/T is negative [7, 8]. By analogy, we de-
duce that the Fermi surface of underdoped Hg1201 at
low temperature also has an electron pocket. This im-
plies that it is reconstructed relative to its topology at
high doping, where it is expected to be a single large
hole-like cylinder, as observed in the single-layer tetrago-
nal cuprate Tl2Ba2CuO6+δ at p ' 0.25 [29–31]. In other
words, the FSR in Hg1201 sets in below a critical doping
p? located somewhere between p ' 0.08 and p ' 0.25,
as is the case for YBCO [8, 18], Eu-LSCO [8], and Nd-
LSCO [5, 6, 12, 21]. This quantum critical point at p?
in the normal-state phase diagram of Hg1201 marks the
onset of some density-wave order that breaks the trans-
lational symmetry of the lattice.
Our data also show that a transformation occurs upon
cooling at fixed p, albeit smoothly, with no sign of a
sharp transition. The onset of FSR may be defined as the
temperature Tmax at which RH(T ) is maximal, although
RH(T ) clearly starts to deviate downward from its high-
temperature behavior well above Tmax, at a temperature
labeled TH [18]. Our Hall data on Hg1201 sample B yield
approximately Tmax ' 100 K and TH ' 240 K. In YBCO,
Tmax ' 100 K and TH ' 120 K at p = 0.12 [18]. In Fig. 3,
Tmax, TH and the Hall effect sign change temperature
T0 in YBCO and Hg1201 are plotted on their respective
phase diagrams.
Given that the tetragonal structure of underdoped
Hg1201 has no unidirectional character, our findings
show that density-wave order is a generic tendency of
the square CuO2 plane, and therefore a phenomenon in-
trinsic to the physics of cuprates. However, the precise
nature of the density-wave order responsible for FSR in
Hg1201 remains to be elucidated, e.g., by X-ray scatter-
ing or NMR studies.
In YBCO at p = 0.10 and 0.12, a modulation of the
charge density was detected in the CuO2 planes by NMR
measurements at high fields [13]. It was inferred to be
unidirectional, with a period of 4a0, where a0 is the lat-
tice spacing, along the a-axis of the orthorhombic lat-
tice for the ortho-II structure at p = 0.10 (the pattern
could not be determined for the ortho-VIII structure at
p = 0.12). Note, however, that an additional modulation
along the b-axis cannot be excluded. In Fig. 1b, we re-
produce the NMR data at p = 0.10 and see that the onset
of charge order, at TCO = 50 ± 10 K, coincides approxi-
mately with the downturn in RH(T ) for a similar doping
(p = 0.10). The same may be said of S(T )/T . Moreover,
an increase in doping to p = 0.12 causes a parallel in-
crease in both TCO [13] and Tmax [18] (see Fig. 3a). This
is strong evidence that the FSR in YBCO is caused by
this charge density-wave order [32]. In Eu-LSCO, unidi-
rectional stripe-like charge order with a period 4a0 was
detected by X-ray scattering [33], with TCO ' 40 K at
p = 0.10 and TCO ' 80 K at p = 0.12 [4], and linked
to a drop in RH(T ) [5, 12] and in S(T )/T [7, 8], again
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FIG. 4. Nernst coefficient ν of Hg1201 (Tc = 65 K; red,
sample A) and YBCO (Tc = 66 K, p = 0.12; blue, from [23]),
plotted as ν/T vs T/T ?, where T ? is the pseudogap tempera-
ture as defined in the main text. Here, T ? = 340 K for Hg1201
and T ? = 250 K for YBCO. The magnetic field H = 10 T
is along the c axis and the heat gradient is along the a axis.
Note the different vertical scales for Hg1201 (red, left axis)
and YBCO (blue, right axis). Below T/T ? = 1.0, the quasi-
particle signal falls gradually to reach large negative values,
in identical fashion in the two materials.
showing that charge order is causing the FSR [32].
Recent X-ray studies of YBCO in zero and low mag-
netic fields up to 17 T, however, have discovered incom-
mensurate charge modulations (which may not be static)
along both the a and b axes, with a period of 3.1 a0 [14–
17]. As seen in Fig. 3, the onset of the X-ray scattering
intensity appears to match TH, although these are grad-
ual crossovers and there is no sharp anomaly in either
the X-ray data or the transport data. Their relation to
the charge order seen by NMR at high field below TCO
remains to be understood. Recent high-field sound ve-
locity measurements on YBCO at p = 0.11 detected the
charge order below TCO, and showed that it must be a
bi-directional charge-density-wave (and not domains of
two uniaxial density waves) [34]. So the case of YBCO
would appear to differ from the unidirectional charge-
stripe scenario observed in the La2CuO4-based materi-
als. But more work is needed to establish the differences
and clarify whether these are fundamental. It has been
proposed that a bidirectional charge order is part of the
explanation for the reconstructed Fermi surface of un-
derdoped YBCO [35]. Given the striking similarity in
the transport properties of YBCO and Hg1201, it is very
likely that they host a similar form of charge order.
In YBCO, charge order competes with superconduc-
tivity [14–16]. This is why Tc falls when FSR sets in [18],
below p ' 0.16 (Fig. 3). The competition is strikingly
manifest in recent measurements of the upper critical
field Hc2 in YBCO [36], which showed Hc2(p) to have
a local minimum where charge order exists. Although
less pronounced, a similar non-monotonic drop with un-
derdoping is observed in the Tc vs p curve, for both
YBCO [24] and Hg1201 [22] (see Fig. 3). Certain fea-
tures of the lattice structure may play a role in stabilizing
the charge order, strengthening it more in some materials
(e.g. with the LTT structure). This would impact on the
competition between charge order and superconductivity,
suppressing Tc more effectively in Eu-LSCO (maximal
Tc ' 20 K), where charge order exists at H = 0, than in
YBCO (where a magnetic field is needed to fully stabilize
charge order [13, 34]) or Hg1201 (maximal Tc = 97 K).
Negative Nernst effect. – In underdoped YBCO, the
Nernst coefficient ν(T ) [7, 23] also provides hints of FSR.
As seen in Fig. 4, the Nernst coefficient ν of YBCO at
p = 0.12 is small and positive at high temperature, and
it drops to large and negative values at low tempera-
tures. (Note that unlike the Hall and Seebeck coeffi-
cients, the sign of the Nernst coefficient is not governed
directly by the sign of the dominant charge carriers.)
This drop was shown to occur at the pseudogap tem-
perature T ? [23], at which the in-plane resistivity ρa(T )
deviates from its linear temperature dependence at high
temperature. Close to Tc, a positive signal due to su-
perconductivity appears [37], but application of a large
magnetic field suppresses this signal, revealing that the
smooth drop in the normal-state ν/T continues mono-
tonically down to T = 0 [7, 38]. The value of |ν/T | at
T → 0 is precisely that expected of the electron Fermi
surface [8], given its frequency, mass and mobility mea-
sured via quantum oscillations [9, 28]. In other words, the
large negative Nernst coefficient in YBCO at low temper-
ature is a consequence of FSR.
As shown in Fig. 4, the Nernst coefficient of Hg1201
is essentially identical to that of YBCO. When plotted
versus T/T ?, ν/T has the exact same temperature de-
pendence in both materials. (T ? in Hg1201 is defined as
in YBCO [20, 26, 27].) We infer that the large negative
ν(T ) in Hg1201 is also a manifestation of FSR. (Note
that in YBCO ν is anisotropic in the ab plane [23, 38].
In tetragonal Hg1201, where no such anisotropy is ex-
pected, the magnitude of ν lies between the νa and νb of
YBCO.)
Summary and outlook. – Our high-field measurements
of Hall and Seebeck coefficients in the tetragonal single-
layer cuprate Hg1201 reveal that its normal-state Fermi
surface undergoes a reconstruction in the underdoped
regime at low temperature, which produces an electron
pocket. This is compelling evidence for the presence of
a density-wave order that breaks translational symme-
try. The remarkable similarity of these transport prop-
erties with those of the orthorhombic bi-layer cuprate
YBCO strongly suggest that the charge density-wave or-
der observed in YBCO is also responsible for the FSR
in Hg1201, and is thus a generic property of hole-doped
cuprates. The presence of charge density-wave order in
5the midst of the phase diagram of cuprate superconduc-
tors raises some fundamental questions. Is the enigmatic
pseudogap phase a high-temperature precursor of the
charge order at low temperature? Is the quantum criti-
cal point for the onset of charge order responsible for the
anomalous properties of the normal state, such as the
linear-T resistivity? Are fluctuations of the charge or-
der involved in pairing? Our findings in Hg1201 broaden
the scope for exploring these questions by adding a clean
archetypal cuprate to the list of materials that exhibit all
the key properties of hole-doped cuprates, including su-
perconductivity with a high Tc, a pseudogap phase with
q = 0 magnetic order [26, 27, 39] (Fig. 3), and Fermi-
surface reconstruction from charge density-wave order.
We thank the NHMFL for access to their 45 T hybrid
magnet in Tallahassee. The work at Sherbrooke was sup-
ported by a Canada Research Chair, CIFAR, NSERC,
CFI, and FQRNT. The work at the LNCMI was sup-
ported by PF7 EuroMagNET II and the ANR Superfield.
The work at the University of Minnesota (crystal growth,
annealing, characterization and contacting of samples)
was supported by the US Department of Energy, Office
of Basic Energy Sciences. J. C. was supported by the
Swiss National Science Foundation.
∗ ndl@physique.usherbrooke.ca
† louis.taillefer@usherbrooke.ca
[1] S. A. Kivelson, I. P. Bindloss, E. Fradkin, V. Oganesyan,
J. M. Tranquada, A. Kapitulnik, and C. Howald, “How
to detect fluctuating stripes in the high-temperature su-
perconductors,” Reviews of Modern Physics 75, 1201–
1241 (2003).
[2] Matthias Vojta, “Lattice symmetry breaking in cuprate
superconductors: stripes, nematics, and superconductiv-
ity,” Advances in Physics 58, 699–820 (2009).
[3] N. Ichikawa, S. Uchida, J. M. Tranquada, T. Niemo¨ller,
P. M. Gehring, S. H. Lee, and J. R. Schneider, “Lo-
cal magnetic order vs superconductivity in a layered
cuprate,” Physical review letters 85, 1738–1741 (2000).
[4] Jo¨rg Fink, Victor Soltwisch, Jochen Geck, Enrico
Schierle, Eugen Weschke, and Bernd Bu¨chner, “Phase
diagram of charge order in La1.8−xEu0.2SrxCuO4 from
resonant soft x-ray diffraction,” Physical Review B 83,
092503 (2011).
[5] Olivier Cyr-Choinie`re, R. Daou, Francis Laliberte´, David
LeBoeuf, Nicolas Doiron-Leyraud, J. Chang, J.-Q. Yan,
J.-G. Cheng, J.-S. Zhou, J. B. Goodenough, S. Pyon,
T. Takayama, H. Takagi, Y. Tanaka, and Louis Taillefer,
“Enhancement of the nernst effect by stripe order in a
high-Tc superconductor,” Nature 458, 743–745 (2009).
[6] R. Daou, Nicolas Doiron-Leyraud, David LeBoeuf, S. Y.
Li, Francis Laliberte´, Olivier Cyr-Choinie`re, Y. J. Jo,
L. Balicas, J.-Q. Yan, J.-S. Zhou, J. B. Goodenough,
and Louis Taillefer, “Linear temperature dependence of
resistivity and change in the fermi surface at the pseu-
dogap critical point ofahigh-Tc superconductor,” Nature
Physics 5, 31–34 (2009).
[7] J. Chang, R. Daou, Cyril Proust, David LeBoeuf, Nico-
las Doiron-Leyraud, Francis Laliberte´, B. Pingault, B. J.
Ramshaw, Ruixing Liang, D. A. Bonn, W. N. Hardy,
H. Takagi, A. B. Antunes, I. Sheikin, K. Behnia, and
Louis Taillefer, “Nernst and seebeck coefficients of the
cuprate superconductor YBa2Cu3O6.67: a study of fermi
surface reconstruction,” Physical Review Letters 104,
057005 (2010).
[8] F. Laliberte´, J. Chang, N. Doiron-Leyraud, E. Hassinger,
R. Daou, M. Rondeau, B.J. Ramshaw, R. Liang, D.A.
Bonn, W.N. Hardy, S. Pyon, T. Takayama, H. Takagi,
I. Sheikin, L. Malone, C. Proust, K. Behnia, and Louis
Taillefer, “Fermi-surface reconstruction by stripe order
in cuprate superconductors,” Nature Communications 2,
432 (2011).
[9] Nicolas Doiron-Leyraud, Cyril Proust, David LeBoeuf,
Julien Levallois, Jean-Baptiste Bonnemaison, Ruixing
Liang, D. A. Bonn, W. N. Hardy, and Louis Taille-
fer, “Quantum oscillations and the fermi surface in an
underdoped high-Tc superconductor,” Nature 447, 565–
568 (2007).
[10] David LeBoeuf, Nicolas Doiron-Leyraud, Julien Leval-
lois, R. Daou, J.-B. Bonnemaison, N. E. Hussey, L. Bal-
icas, B. J. Ramshaw, Ruixing Liang, D. A. Bonn, W. N.
Hardy, S. Adachi, Cyril Proust, and Louis Taillefer,
“Electron pockets in the fermi surface of hole-doped high-
Tc superconductors,” Nature 450, 533–536 (2007).
[11] Sudip Chakravarty, “From complexity to simplicity,” Sci-
ence 319, 735–736 (2008).
[12] Louis Taillefer, “Fermi surface reconstruction in high-Tc
superconductors,” Journal of Physics: Condensed Matter
21, 164212 (2009).
[13] Tao Wu, Hadrien Mayaffre, Steffen Kra¨mer, Mladen Hor-
vatic, Claude Berthier, W. N. Hardy, Ruixing Liang,
D. A. Bonn, and Marc-Henri Julien, “Magnetic-field-
induced charge-stripe order in the high-temperature
superconductor YBa2Cu3Oy,” Nature 477, 191–194
(2011).
[14] G. Ghiringhelli, M. Le Tacon, M. Minola, S. Blanco-
Canosa, C. Mazzoli, N. B. Brookes, G. M. De Luca,
A. Frano, D. G. Hawthorn, F. He, T. Loew, M. Moretti
Sala, D. C. Peets, M. Salluzzo, E. Schierle, R. Su-
tarto, G. A. Sawatzky, E. Weschke, B. Keimer, and
L. Braicovich, “Long-range incommensurate charge fluc-
tuations in (Y,Nd)Ba2Cu3O6+x,” Science 337, 821–825
(2012).
[15] J. Chang, E. Blackburn, A. T. Holmes, N. B. Chris-
tensen, J. Larsen, J. Mesot, Ruixing Liang, D. A. Bonn,
W. N. Hardy, A. Watenphul, M. v Zimmermann, E. M.
Forgan, and S. M. Hayden, “Direct observation of com-
petition between superconductivity and charge density
wave order in YBa2Cu3O6.67,” Nature Physics 8, 871–
876 (2012).
[16] A. J. Achkar, R. Sutarto, X. Mao, F. He, A. Frano,
S. Blanco-Canosa, M. Le Tacon, G. Ghiringhelli,
L. Braicovich, M. Minola, M. Moretti Sala, C. Mazzoli,
Ruixing Liang, D. A. Bonn, W. N. Hardy, B. Keimer,
G. A. Sawatzky, and D. G. Hawthorn, “Distinct charge
orders in the planes and chains of ortho-III-Ordered
YBa2Cu3O6+δ superconductors identified by resonant
elastic x-ray scattering,” Physical Review Letters 109,
167001 (2012).
[17] E. Blackburn, J. Chang, M. Hcker, A. T. Holmes, N. B.
Christensen, Ruixing Liang, D. A. Bonn, W. N. Hardy,
6U. Rtt, O. Gutowski, M. v. Zimmermann, E. M. For-
gan, and S. M. Hayden, “X-ray diffraction observations
of a charge-density-wave order in superconducting ortho-
II YBa2Cu3O6.54 single crystals in zero magnetic field,”
Physical Review Letters 110, 137004 (2013).
[18] David LeBoeuf, Nicolas Doiron-Leyraud, B. Vignolle,
Mike Sutherland, B. Ramshaw, J. Levallois, R. Daou,
Francis Laliberte´, Olivier Cyr-Choinie`re, Johan Chang,
Y. Jo, L. Balicas, Ruixing Liang, D. Bonn, W. Hardy,
Cyril Proust, and Louis Taillefer, “Lifshitz critical point
in the cuprate superconductor YBa2Cu3Oy from high-
field hall effect measurements,” Physical Review B 83,
054506 (2011).
[19] X. Zhao, G. Yu, Y.-C. Cho, G. Chabot-Couture,
N. Bariˇsic´, P. Bourges, N. Kaneko, Y. Li, L. Lu, E. M.
Motoyama, O. P. Vajk, and M. Greven, “Crystal growth
and characterization of the model high-temperature su-
perconductor HgBa2CuO4+δ,” Advanced Materials 18,
3243–3247 (2006).
[20] Neven Bariˇsic´, Yuan Li, Xudong Zhao, Yong-Chan Cho,
Guillaume Chabot-Couture, Guichuan Yu, and Martin
Greven, “Demonstrating the model nature of the high-
temperature superconductor HgBa2CuO4+δ,” Physical
Review B 78, 054518 (2008).
[21] Louis Taillefer, “Scattering and pairing in cuprate su-
perconductors,” Annual Review of Condensed Matter
Physics 1, 51–70 (2010).
[22] Ayako Yamamoto, Wei-Zhi Hu, and Setsuko Tajima,
“Thermoelectric power and resistivity of HgBa2CuO4+δ
over a wide doping range,” Physical Review B 63, 024504
(2000).
[23] R. Daou, J. Chang, David LeBoeuf, Olivier Cyr-
Choinie`re, Francis Laliberte´, Nicolas Doiron-Leyraud,
B. J. Ramshaw, Ruixing Liang, D. A. Bonn, W. N.
Hardy, and Louis Taillefer, “Broken rotational symme-
try in the pseudogap phase of a high-Tc superconductor,”
Nature 463, 519–522 (2010).
[24] Ruixing Liang, D. A. Bonn, and W. N. Hardy, “Evalua-
tion of CuO 2 plane hole doping in YBa2Cu3O6+x single
crystals,” Physical Review B 73, 180505 (2006).
[25] B. Fauque´, Y. Sidis, V. Hinkov, S. Pailhs, C. T. Lin,
X. Chaud, and P. Bourges, “Magnetic order in the pseu-
dogap phase of high-Tc superconductors,” Physical Re-
view Letters 96, 197001 (2006).
[26] Y. Li, V. Bale´dent, N. Bariˇsic´, Y. Cho, B. Fauqu,
Y. Sidis, G. Yu, X. Zhao, P. Bourges, and M. Greven,
“Unusual magnetic order in the pseudogap region of the
superconductor HgBa2CuO4+δ,” Nature 455, 372–375
(2008).
[27] Yuan Li, V. Bale´dent, N. Bariˇsic´, Y. C. Cho, Y. Sidis,
G. Yu, X. Zhao, P. Bourges, and M. Greven, “Magnetic
order in the pseudogap phase of HgBa2CuO4+δ studied
by spin-polarized neutron diffraction,” Physical Review
B 84, 224508 (2011).
[28] Cyril Jaudet, David Vignolles, Alain Audouard, Julien
Levallois, D. LeBoeuf, Nicolas Doiron-Leyraud, B. Vi-
gnolle, M. Nardone, A. Zitouni, Ruixing Liang, D. A.
Bonn, W. N. Hardy, Louis Taillefer, and Cyril Proust,
“de haasvan alphen oscillations in the underdoped high-
temperature superconductor YBa2Cu3O6.5,” Physical
Review Letters 100, 187005 (2008).
[29] A. P. Mackenzie, S. R. Julian, D. C. Sinclair, and C. T.
Lin, “Normal-state magnetotransport in superconduct-
ing Tl2Ba2CuO6+δ to millikelvin temperatures,” Physi-
cal Review B 53, 5848–5855 (1996).
[30] M. Plate´, J. D. F. Mottershead, I. S. Elfimov, D. C.
Peets, Ruixing Liang, D. A. Bonn, W. N. Hardy, S. Chi-
uzbaian, M. Falub, M. Shi, L. Patthey, and A. Dam-
ascelli, “Fermi surface and quasiparticle excitations of
overdoped Tl2Ba2CuO6+δ,” Physical Review Letters 95,
077001 (2005).
[31] B. Vignolle, A. Carrington, R. A. Cooper, M. M. J.
French, A. P. Mackenzie, C. Jaudet, D. Vignolles, Cyril
Proust, and N. E. Hussey, “Quantum oscillations in an
overdoped high-Tc superconductor,” Nature 455, 952–
955 (2008).
[32] Nicolas Doiron-Leyraud and Louis Taillefer, “Quantum
critical point for stripe order: An organizing principle of
cuprate superconductivity,” Physica C: Superconductiv-
ity 481, 161–167 (2012).
[33] Jo¨rg Fink, Enrico Schierle, Eugen Weschke, Jochen
Geck, David Hawthorn, Viktor Soltwisch, Hiroki Wadati,
Hsueh-Hung Wu, Hermann A. Drr, Nadja Wizent, Bernd
Bu¨chner, and George A. Sawatzky, “Charge ordering
in La1.8−xEu0.2SrxCuO4 studied by resonant soft x-ray
diffraction,” Physical Review B 79, 100502 (2009).
[34] David LeBoeuf, S. Kra¨mer, W. N. Hardy, Ruixing
Liang, D. A. Bonn, and Cyril Proust, “Thermody-
namic phase diagram of static charge order in under-
doped YBa2Cu3Oy,” Nature Physics 9, 79–83 (2013).
[35] N. Harrison and S. E. Sebastian, “Protected nodal elec-
tron pocket from multiple-q ordering in underdoped high
temperature superconductors,” Physical Review Letters
106, 226402 (2011).
[36] G. Grissonnanche, O. Cyr-Choinie`re, F. Laliberte´,
S. Rene´ de Cotret, A. Juneau-Fecteau, S. Dufour-
Beause´jour, M.-E. Delage, D. LeBoeuf, J. Chang, B. J.
Ramshaw, D. A. Bonn, W. N. Hardy, R. Liang,
S. Adachi, N. E. Hussey, B. Vignolle, C. Proust,
M. Sutherland, S. Kramer, J.-H. Park, D. Graf,
N. Doiron-Leyraud, and Louis Taillefer, “Direct mea-
surement of the upper critical field in a cuprate super-
conductor,” arXiv:1303.3856 (2013).
[37] J. Chang, N. Doiron-Leyraud, O. Cyr-Choinie`re, G. Gris-
sonnanche, F. Laliberte´, E. Hassinger, J-Ph. Reid,
R. Daou, S. Pyon, T. Takayama, H. Takagi, and Louis
Taillefer, “Decrease of upper critical field with under-
doping in cuprate superconductors,” Nature Physics 8,
751–756 (2012).
[38] J. Chang, Nicolas Doiron-Leyraud, Francis Laliberte´,
R. Daou, David LeBoeuf, B. J. Ramshaw, Ruixing Liang,
D. A. Bonn, W. N. Hardy, Cyril Proust, I. Sheikin,
K. Behnia, and Louis Taillefer, “Nernst effect in the
cuprate superconductor YBa2Cu3Oy: broken rotational
and translational symmetries,” Physical Review B 84,
014507 (2011).
[39] Yuan Li, G. Yu, M. K. Chan, V. Bale´dent, Yangmu Li,
N. Bariˇsic´, X. Zhao, K. Hradil, R. A. Mole, Y. Sidis,
P. Steffens, P. Bourges, and M. Greven, “Two ising-like
magnetic excitations in a single-layer cuprate supercon-
ductor,” Nature Physics 8, 404–410 (2012).
